A r t i c l e s T lymphocytes, key mediators of the adaptive immune response, are activated when their T-cell receptors (TCRs) interact with cognate antigenic peptides displayed by major histocompatibility complex molecules (MHC). T cells specific for any given antigen can be identified, enumerated and characterized either by stimulation with that antigen or by staining with peptide-MHC multimers 1, 2 . Each approach has advantages and disadvantages. Because stimulationbased methods rely on T-cell proliferation or cytokine production, they detect only T cells that have those characteristics. In contrast, approaches based on peptide-MHC multimers can identify, enumerate and phenotypically assess specific T-cell populations even if they have no known function 3 or are extremely rare 3, 4 . The utility of the peptide-MHC multimer approach is especially apparent when combined with single-cell mass spectrometry [5] [6] [7] (also called cytometry by time-of-flight, or CyTOF), which allows independent assessment of many more cellular parameters (currently over 40) than fluorescence-based flow cytometry 7 . However, unlike stimulationbased techniques, the identification of antigen-specific cells using peptide-MHC multimers requires knowledge of the precise identity of the peptide, or epitope, recognized by the TCR.
Most existing strategies for identifying T-cell epitopes are time consuming, require an abundance of cellular material and do not provide simultaneous phenotypic information about the T cells that are identified 8 . This limits the number of epitopes that can be identified and the number of MHC alleles that can be studied (MHC molecules bind and present the epitope to T cells, and show marked polymorphism throughout the human population). These limitations in turn restrict the number of antigens and human subjects that can be analyzed. Therefore, although algorithms for predicting peptide binding to MHC have improved 9 , predicting which peptide epitopes are actually recognized by T cells during an immune response is completely empirical from that point.
In particular, vaccine design would benefit from knowing which pathogen-derived peptides will be recognized by T cells in the individuals to be vaccinated. In the example we focus on here, oral rotavirus vaccines are much less effective in the developing world than in areas of higher socioeconomic status 10 and studies aimed at identifying the reason for this discrepancy are currently hampered by the lack of tools available for analyzing the rotavirus-specific T-cell response. Only two rotavirus T-cell epitopes have been identified in humans 11, 12 . In addition, little information exists on the relative dominance or distinguishing characteristics of rotavirus-specific CD8 + T cells in the peripheral blood or in the intestine 13 ; the latter site is particularly important as it is the primary site of rotavirus infection.
By combining combinatorial 14, 15 and mass cytometry-based 7 peptide-MHC multimer staining approaches, we developed a method that can be used to simultaneously screen for T-cell epitopes in any protein of known sequence and perform high-dimensional phenotypic analysis of human T cells specific for those epitopes. Using only 10 of the ~40 currently available CyTOF heavy-isotope channels, together with three-dimensional antigen-specificity encoding (which involves assigning a unique combination of three metal tags to each antigen specificity), we probed, enumerated, and phenotypically characterized up to 109 candidate TCR specificities, and 20-30 additional surface and intracellular phenotypic markers, in a single human blood or intestinal lymphocyte sample. Using magnetic cellular enrichment combinatorial tetramer staining and mass cytometry analysis facilitate t-cell epitope mapping and characterization It is currently not possible to predict which epitopes will be recognized by T cells in different individuals. This is a barrier to the thorough analysis and understanding of T-cell responses after vaccination or infection. Here, by combining mass cytometry with combinatorial peptide-MHC tetramer staining, we have developed a method allowing the rapid and simultaneous identification and characterization of T cells specific for many epitopes. We use this to screen up to 109 different peptide-MHC tetramers in a single human blood sample, while still retaining at least 23 labels to analyze other markers of T-cell phenotype and function. Among 77 candidate rotavirus epitopes, we identified six T-cell epitopes restricted to human leukocyte antigen (HLA)-A*0201 in the blood of healthy individuals. T cells specific for epitopes in the rotavirus VP3 protein displayed a distinct phenotype and were present at high frequencies in intestinal epithelium. This approach should be useful for the comprehensive analysis of T-cell responses to infectious diseases or vaccines.
A r t i c l e s in conjunction with this method, we detected rotavirus-specific cells present at frequencies as low as 1 in 10 5 CD8 + T cells. From a set of 77 candidate rotavirus epitopes, we identified T cells specific for six epitopes in the blood of 17 healthy donors and the jejunal tissue of 9 obese patients undergoing gastric-bypass surgery. T cells recognizing two of these epitopes were present at particularly high frequencies and displayed unique and potentially informative phenotypes.
RESULTS

T-cell epitope discovery strategy
Our T-cell epitope discovery strategy (Fig. 1a) starts with a search for pathogen epitopes predicted to bind the HLA (the human version of MHC) molecule of interest; this search is performed by netMHC3.0 epitope prediction software 16 . For the project described here, we analyzed the sequences of the eight viral proteins (NSP1, 2, 5 and VP1, 2, 3, 6, 7) in the RV3 rotavirus vaccine strain (originally isolated from asymptomatic newborns 17 ) for the presence of HLA-A*0201-binding motifs. From these, we selected the 132 candidate peptides (as well as 110 peptides predicted to bind HLA-B*0702 as negative controls) that are the most conserved among various rotavirus strains (depending on the peptide, we considered ~30 strains) 17 . Next, we assessed the ability of each candidate peptide to bind to soluble HLA-A*0201 when forced to compete with a biotinylated peptide known to bind to HLA-A*0201 (Fig. 1b) . None of the peptides with low predicted binding scores efficiently bound HLA-A*0201, showing that the prediction algorithm has a very low false-negative rate. Therefore, we chose peptides with binding scores higher than the highest-scoring negative control peptides (>30% displacement of the control peptide at 250-nM concentration); this left us with 77 candidate epitopes. Peptides with synthesis errors, poor solubility or weak affinity for MHC could have been missed by this approach, but this approach allows for rapid progress to the T-cell screening phase.
Previously, we and others have described a combinatorial approach for labeling peptide-MHC tetramers that allows the analysis of many more TCR specificities than available flow cytometry color channels 14, 15 . In this approach, instead of single labels for each tetramer, combinations of labels are used, greatly expanding the number of different peptide-MHC tetramers that can be employed simultaneously. For example, we routinely probed 15-32 TCR specificities at once using four or five fluorophores, and we showed that up to 64 TCR specificities could be probed using six fluorophores 14 . However, this approach suffers from a number of limitations, including spectral overlap between color channels (increasing noise), variable performance of fluorescently tagged reagents, nonspecific binding and the lack of remaining fluorescent channels with which to analyze the phenotypes of the antigen-specific cells. To circumvent these limitations, we combined the combinatorial peptide-MHC staining approach with mass cytometry, which offers many more channels and has much less cross-talk between channels. That is because mass cytometry uses isotopically purified metal conjugates as tags, which can be distinguished from one another with resolution better than a single atomic mass unit by time-of-flight mass spectrometry.
We designed a staining panel of 109 different peptide-MHC tetramers. In general, tetramers are formed by incubating a biotinylated peptide-MHC complex with streptavidin at a 4:1 ratio so that each streptavidin molecule is saturated by binding four peptide-MHC complexes. In our case, we used a modified form of recombinant streptavidin separately conjugated to ten different metals (ten different streptavidin conjugates). However, if one uses only ten metals individually one can distinguish between only ten peptide-MHC tetramers. In contrast, if each peptide-MHC tetramer is conjugated to three different metal-tagged streptavidins, and the differentially tagged peptide-MHC tetramers are mixed and used as a single staining reagent, one forms a three-metal staining code (Fig. 1a) . With this system, there are 120 different unique combinations of three metals. Of the 109 peptide-MHC tetramers used here, 77 contained putative rotavirus epitopes and the other 32 contained positive-and negative-control peptides derived from previously identified HLA-A*0201-restricted T-cell epitopes ( Table 1 and Supplementary Tables 1 and 2 ). These previously identified and characterized HLA-A*0201-restricted epitopes were derived from Epstein-Barr virus (EBV), cytomegalovirus (CMV), influenza virus (flu), mutated melanoma T-cell epitope 18 , (Mart1) and other tumor-associated antigens (EZH2, tyrosinase), GAD65 (a protein implicated in diabetes), HIV, hepatitis B and C viruses (HBV, HCV), measles virus, human papilloma virus (HPV), herpes simplex virus, tuberculosis, lymphocytic choriomeningitis virus, respiratory syncytial virus (RSV) and malaria (ref. 19 , Table 1 ). All peptide-MHC tetramers were pooled and used simultaneously to stain each sample, making the use of these reagents relatively simple.
We stained a total or CD8 + T cell-enriched samples derived from healthy blood donors. After tetramer staining, a portion of the sample was subjected to tetramer-positive T-cell enrichment using magnetized columns. Both enriched and pre-enriched samples were analyzed by mass cytometry, allowing for an objective back-calculation of preenrichment antigen-specific T-cell frequencies in each donor sample. All cells were also stained using a cocktail of metal-tagged antibodies specific for 23-27 surface and intracellular markers that allow for the identification and phenotypic characterization of CD8 + T cells. 
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A r t i c l e s
Identification of antigen-specific cells After data acquisition, live CD8 + T-cell events were gated away from other cell types using FlowJo software (using heavy metal-labeled antibodies such as Nd-146-labeled anti-CD8, see Supplementary  Fig. 1 ); these events were exported and custom scripts written in Matlab were used to identify the antigen-specific cells ( Fig. 2a and , respectively) were each split in half, and each half was stained with a panel of 96 peptide-MHC tetramers that was coded using one of two three-metal coding schemes (order 1 and order 2). The frequency of staining with each tetramer using order 1 (x axis) and order 2 (y axis) is plotted from two of the five donors tested in this way (Supplementary Table 2 ). With 120 codes possible using ten metals, 11 codes act as internal negative controls (labeled 'unused'). Metals associated with each isotope are listed in Supplementary Table 1 . MV, measles virus; HPV, human papilloma virus; HSV1/2, herpes simplex virus; TB, tuberculosis; LCMV, lymphocytic choriomeningitis virus.
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A r t i c l e s
Supplementary Matlab Scripts). Several parameters were optimized ( For two of the experiments, each sample was split and analyzed separately, but in parallel, using an alternative and randomized metal-coding scheme. That is, each antigen specificity was stained with peptide-MHC tetramers bearing two different three-metal combinations. When we plotted the epitope frequency detected with one three-metal combination (order 1) against the epitope frequency detected with the other three-metal combination (order 2), we observed a very good correspondence across a wide range (>3 log) of frequencies ( Fig. 2c,d) . Because the signals became random below a frequency of 0.001%, for all subsequent analysis cells below this threshold were considered background. Note also that in these two examples, a good correspondence of T-cell frequencies were observed for flu-, EBV-, CMV-specific and a number of rotavirus-specific cells, controlling for possible artifacts associated with nonspecific streptavidin binding or T-cell cross-reactivity.
One potential limit of this approach is that the large numbers of peptide-MHC tetramers loaded with different peptides might 
Relative expression (mean intensity) Each point is a single epitope-donor combination (from 17 different blood donors). For rotavirus-specific cells, T cells targeting VP3-and non-VP3-derived epitopes were separated for this analysis. *P < 0.05, **P < 0.01, ***P < 0.001 by Dunn's multiple comparisons test.
A r t i c l e s compete heavily with any given tetramer. To determine whether this was a problem, we titrated an irrelevant HIV peptide-loaded MHC tetramer into staining mixes containing a constant low concentration of a CMV peptide-loaded MHC tetramer. Specific staining of CMV-specific T cells was maintained even in the presence of 1,000-fold excess irrelevant HIV peptide-MHC tetramer ( Supplementary Fig. 3 ), indicating that competition from irrelevant tetramers would not be a major problem even if 1,000 antigen specificities were probed simultaneously by this approach. One thousand different peptide-MHC tetramers could, in theory, be screened if 20 metal labels were used in groups of three (1,140 possible combinations). Although such a staining scheme would result in loss of metal labels available for phenotypic and functional markers, we anticipate that the number of possible labels will soon grow to accommodate that loss.
Having optimized the combinatorial peptide-MHC tetramer staining process, we stained blood samples from 17 healthy donors and intestine intraepithelial lymphocyte (IEL) samples from nine obese patients undergoing gastric-bypass surgeries. All data were analyzed using the same Matlab script with the same set of optimized parameters. Common epitope 'hits' (defined as being detected in at least two donors at back-calculated frequencies of >0.001% of CD8 + T cells) are listed in Table 2 (for blood samples). Seventeen additional epitopes (ten derived from rotavirus, and seven derived from flu, RSV, HIV or GAD65) were each identified as 'hits' only in a single donor (data not shown). Among all epitopes tested, 8.82 ± 0.89 (mean ± s.e.m.) epitope hits were detected on average in each donor; 2.18 ± 0.38 of these epitopes were derived from rotavirus. It was not surprising that the most common hits detected were T cells recognizing Mart1 influenza, EBV and CMV epitopes. However, some rotavirus epitopes were identified as common hits, including the two previously characterized epitopes (VP6-and VP7-derived, refs. 11,12, respectively) and a number of novel epitopes derived from VP3, VP1, VP2 and NSP1. In 9 of 17 donors having significant numbers of VP3-specific T cells, the average frequency of these cells was relatively high (0.0198% of blood CD8 + T cells) for a memory T-cell population. We also detected VP3-specific cells in eight out of nine of the IEL samples tested, at an even higher average frequency (0.104 ± 0.032% mean ± s.e.m.). No other rotavirus epitopes were consistently detected in the IEL samples.
Analysis of antigen-specific cell phenotypes Next, we compared the phenotypic profiles of these antigen-specific cells (using the other 23-27 antibodies included in the staining panel). To simplify our analysis, we averaged the intensity of each phenotypic marker for each T-cell-antigen specificity and compared it to the average of bulk tetramer-negative CD8 + T cells. We plotted these data as a heat plot for each donor (Fig. 3a and Supplementary Fig. 4 ). From these heat plots it was apparent that the phenotypes of cells specific for each well-characterized T-cell antigen were consistent with previous reports. For instance, Mart1-specific cells displayed a naive phenotype (CD45RA + CD27 + CCR7 + CD62L + ), flu-specific cells showed central memory phenotypes (CD45RA − CD27 + CCR7 + CD62L + ) and CMVspecific cells resembled late-stage effector cells (CD45RA + CD27 − CC R7 − CD62L − ) 20 . In general EBV-and rotavirus-specific cells displayed more diverse phenotypes. To objectively compare the separate experiments, we calculated z-scores for each marker for each T-cell epitope for each donor, by normalizing within each 3-or 4-donor experiment. This normalization corrects for any differences in staining or machine Fig. 3a-d) for total (tetramernegative) and VP3-or VP6-specific rotavirusspecific IEL and blood T cells. For hierarchical clustering analysis, relative expression of each marker is plotted as z-score calculated for each experiment (Online Methods).
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For instance, a heat plot of z-scores for all epitope-donor pairs for CMV-, flu-and Mart1-specific cells shows that the phenotypes of the antigen-specific T cells mostly cluster together ( Supplementary  Fig. 5 ). As mentioned above and described below, EBV-and rotavirusspecific cells displayed more heterogeneous phenotypic profiles. We next used principal component analysis (PCA) to reduce the dimensionality and plot the relative similarity of each epitope-donor pair considering all donors and epitopes listed in Table 2 . Mart1-specific T cells displaying naive-like phenotypes as defined above were on one end of the spectrum and CMV-specific (especially for dominant epitopes derived from pp65 and IE1; see Supplementary Fig. 6 ) late-stage effector-like T cells were on the other (Fig. 3b) . Even when excluding Mart1-specific T cells from the PCA analysis, the overall relationship between the remaining specificities did not markedly change (Supplementary Fig. 7) . PCA analysis also showed that some EBV-and rotavirus-specific T cells were central memory-like whereas others had varying degrees of effector-like phenotypes (gauged by their similarity to CMV-specific T cells, Fig. 3b ). Upon deeper analysis of EBV-and rotavirus-specific T cells, we noted differences in phenotype that correlated with differences in peptide specificity. For example, EBVspecific cells specific for BRLF-1 and BLMF-1 peptides displayed varying degrees of effector-like phenotypes, whereas those specific for latencyassociated antigens LMP-1 and LMP-2A peptides had phenotypes most similar to flu-specific cells (Fig. 3c) . The difference in average PC1 values between BRLF-1/BLMF-1-specific (mean ± s.e.m. = 0.92 ± 0.25, n = 27 hits, with multiple hits per donor) and LMP-1/LMP-2A-specific (mean ± s.e.m. = −0.99 ± 0.24, n = 23 hits) cells was statistically significant (twosided t-test, P < 10 −5 ). Among rotavirus-specific T cells, only those specific for VP3 peptides displayed effector-like phenotypes; some had PCA values even more extreme than CMV-specific cells (Fig. 3d) . VP3-and non-VP3 peptide-specific T cells also significantly differed in their expression of trafficking receptor integrin-β7 (expressed on guttrafficking intestinal resident lymphocytes 21 ; P < 0.01, Fig. 3e,f) and integrin-αE (expressed on intestinal IEL cells; P < 0.05, Fig. 3e ).
As mentioned above, among rotavirus-specific T cells, only those specific for VP3 peptides were consistently detected in the jejunal IEL samples analyzed here (mean ± s.e.m. = 0.104 ± 0.032%, n = 8 donors with detectable VP3-specific cells). For four out of nine of these, we ran a sufficient number of blood samples in parallel (blood and IEL samples were from different donors) to allow reasonable comparison of phenotypic marker expression using z-scores. VP3-specific IEL T cells displayed phenotypes overlapping those of bulk tetramer-negative IEL CD8 + T cells (Fig. 4a) . In contrast, VP3-specific blood T cells were relatively unique among blood T cells in that they expressed markers of an effector-phenotype (CD45RA − CD62L − ) and high amounts of integrin-αE (Fig. 4a) . PCA or hierarchical clustering considering all markers analyzed confirmed that VP3-specific IEL T cells were indistinguishable from bulk IEL CD8 + T cells and that compared to blood T cells of other antigen-specificities, VP3-specific blood T cells more closely resembled IEL T cells (Fig. 4b,c) . The phenotypic distinction between rotavirus-specific T cells targeting this VP3-derived epitope versus other epitopes may reflect differences in trafficking and/or function in the intestinal epithelium.
DISCUSSION
The limits of combinatorial peptide-MHC tetramer staining 14, 15 are quickly reached when fluorescence-based flow cytometry is used because of the wide overlap between fluorescent channels as well as nonspecific binding that depends on the fluorophore species being used. Therefore, to meaningfully increase the number of T-cell epitopes we could analyze in a single sample, we turned to mass cytometry. Although the signal/noise ratio for a given tetramer is usually lower in mass cytometry than in flow cytometry 7 , the combinatorial strategy used here mitigates this particular type of background noise by exploiting the large number and limited cross-talk between mass cytometry channels. To be more specific, for a given cellular event acquired using mass cytometry, background noise arises from nonspecific tetramer binding, detector noise, or metal ions from cellular debris or other sources entering coincidentally with the cell. Because the background signal derived from these latter two sources is stochastic, for a given cell the chances of observing a high background signal on two or three unrelated isotopic channels is much lower than for one channel alone. That is, if "P" equals the probability of high background for one channel, the probability of coincident high background on two or three channels equals P 2 or P 3 , respectively. For example, if at a given threshold, 1% of cells are positive due to background noise in one channel, only 0.01% will be coincidentally positive for two channels ([0.01 × 0.01] × 100%) and only 0.001% will be positive for three channels. Here, we labeled each species of peptide-MHC tetramer with a combination of three different isotopic metal tags. By creating a Matlab automatic gating script that identifies cells that are coincidentally positive (with similar intensities) for those three and only those three channels, we identified rare antigen-specific T cells in the midst of background noise.
To further validate this approach and to rule out the possibility of artifactual labeling, we stained the same samples with two different mixtures of tetramers, each with a different combinatorial three-metal code. The fact that we saw a very good correspondence between the two mixtures shows that the identity of the peptide is the critical parameter and allows for an objective measure of assay sensitivity. This correspondence between the two staining panels was lost for tetramers staining at a frequency <0.001% of CD8 + cells, indicating that this was the effective limit of detection. This level of sensitivity for rare cells was achieved in part by using large numbers of input cells and magnet-based tetramer enrichment as described 3, 4 . For samples where the frequencies of antigen-specific T cells are expected to be higher (for example, samples from donors infected with a pathogen or cells isolated from tissues with T-cell infiltrates), we expect that this approach would work with considerably fewer cells. The results of analysis of the two staining panels also suggest that cross-reactivity is not a major problem, at least with the number of epitopes analyzed here. It is possible that our analysis missed rare occasions of T cells binding to multiple peptide-MHC tetramers. However, these cells would be excluded from subsequent analysis by the nature of the auto-gating script. In future experiments where some instances of T-cell cross-reactivity might be expected, this script can be modified to accommodate and quantify these cells. Additional validation of the accuracy of this method in identifying antigen-specific cells is found in the phenotypic profiles of the cells. For instance, Mart1-, flu-and CMV-specific cells displayed naive, central memory and effector phenotypes as expected based on previously published work 7, 22, 23 .
Our screen for HLA-A*0201-restricted rotavirus epitopes was successful in that we independently identified T cells specific for both of the previously identified HLA-A2-restricted rotavirus epitopes 11, 12 as well as T cells specific for several previously uncharacterized epitopes. As the gut is the primary site of rotavirus infection, it was reassuring that, relative to T cells specific for other epitopes, the rotavirus-specific T cells we identified express higher levels of mucosal trafficking receptors CD103 (integrin-αE) and/or integrin-β7 (ref. 21 ). Compared to T cells specific for other rotavirus epitopes, VP3-specific T cells displayed hallmarks of more differentiated cells, expressed little or no integrin-β7, and expressed abundant integrin-αE. It is not clear why this might be the case and it is unclear what protein(s) integrin-αE pairs with in the absence of detectable integrin-β7. As has been reported for integrin-α4 (ref. 24) , some other integrin-β family member may A r t i c l e s compete for binding to integrin-αE to prevent functional expression of the typical αEβ7 heterodimer that promotes trafficking to the gut. Nevertheless, VP3-specific T cells were detected in the IEL at fivefold higher frequency than in the blood, and displayed a phenotypic profile indistinguishable from bulk CD8 + IEL; this phenotype includes high expression of both integrin-β7 and integrin-αE. Non-VP3-specific blood T cells displayed a more central memory-like phenotype, expressed high levels of integrin-β7 and were mostly absent from the IEL. Although the reason for this distinction is not clear, the presence of VP3-specific T cells displaying effector-like phenotypes implies that these cells may have encountered antigen more recently compared to central memory-like cells such as flu-or VP6-specific cells, perhaps within intestinal tissue. In contrast, non-VP3-specific T cells with a central memory phenotype may not have encountered antigen as recently and may be poised to respond to antigen in lymph nodes during responses to systemic infections. Although we can not formally rule out the possibility that VP3-specific T cells cross-react with an unrelated epitope, the VP3 peptide sequence matches (identically) a wide range of rotavirus sequences but does not perfectly match any other sequence in the NCBI nonredundant protein sequence database. It is conceivable that because VP3 is a part of the viral transcription complex, it may be differentially expressed by the virus or differentially processed by the infected cell relative to other viral proteins. For example, VP6-specific antibodies have been shown to function intracellularly during transcytosis to block virion transcription, and may somehow interfere with antigen processing and presentation 25 . Lastly, it is possible that these epitopes originate in different strains of rotavirus that are more or less common in the healthy adult population. Indeed, the dominant VP3 epitope we identified is conserved in all three major types of rotavirus that have been isolated from humans (Wa-, DS-and Au-like strains). In contrast, the VP6 epitope is altered in the DS-and Au-like strains of rotavirus 26 ; thus more recent subclinical infections of DS-or Au-like strains in healthy adults could lead to the observed differential phenotypes and locations of VP3-and VP6-specific T cells. Future work on active rotavirus infections in children and adults may shed light on the reason for the dichotomy of T-cell phenotypes that we observe in this small cohort of healthy American adults.
In summary, by combining single-cell mass cytometry analysis with combinatorial peptide-MHC tetramer staining, we developed a method that allows for simultaneously screening a large number of T-cell epitopes (up to 109 demonstrated here and potentially many more) in a single sample, together with extraction of a great deal of phenotypic and functional information. We used this method to validate two and discover four HLA-A*0201-restricted rotavirus T-cell epitopes, but this method could in theory be applied to discover T-cell epitopes in any pathogen, tumor or self protein whose sequence is known. The method we describe here should also be useful for evaluating the effects of an infectious disease or vaccine or any situation in which a comprehensive analysis of a T-cell response may be useful.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Peripheral blood cells. Leukocyte reduction system cones (LRS) containing peripheral blood mononuclear cells (from platelet aphaeresis donors) were obtained from the Stanford Blood Center according to Institutional Review Board (IRB) ("Minimal Risk Research Related Activities at Stanford Blood Center", Protocol #13942) protocol. For the purposes of peptide-MHC tetramer staining experiments, HLA-A*0201 positive anonymous donor samples from residents of the Palo Alto, California, area were typed and identified by the Stanford Blood Center. No information about age, gender or prior exposure to rotavirus is currently available for these donors. These samples were also serotyped for cytomegalovirus (CMV) infection status. For CD8 + or total T-cell enrichment by negative selection, the LRS samples were diluted to 20 ml phosphate buffered saline (PBS) + 2% FCS before adding 750 µL of CD8 + or whole T-cell RosetteSep cocktail (Stemcell Technologies). The cells were further diluted with PBS + 2% FCS and Ficoll-separated (FicollPaque PLUS, GE Healthcare) from red blood cells and negatively selected cells before cryopreservation in 90% FCS + 10% DMSO. In some cases, blood cells were used fresh without freezing (experiments A, D and E, see Supplementary Table 2 ).
Intraepithelial lymphocyte isolation. Deidentified proximal jejunum tissue resections were obtained from anonymous patients undergoing bariatric surgery in accordance with Stanford University IRB ("Study of tissue lymphocyte responses to rotavirus using intestinal resections", Protocol #1726) protocols. No information about, age, gender or prior exposure to rotavirus is available for these donors. Intraepithelial lymphocytes (IEL) were isolated using an adapted version of previously published protocols 27 . Specimens were washed four times with cold Ca 2+ and Mg 2+ free Hank's Balanced Salt Solution (HBSS) containing 100 U/ml penicillin and 100 µg/ml streptomycin to remove erythrocytes and debris and to reduce contamination. The muscle layer was removed and the resections were dissected into 0.3-0.5-cm 2 fragments. To isolate IEL, tissue fragments were washed with 0.15% dithiothreitol (DTT, Invitrogen) in HBSS at 37 °C with constant rotation, followed by two washes each for 30 min at 37 °C in 2 mM EDTA in HBSS and HBSS, until the resulting supernatant was clear. Additional washes with HBSS were done if necessary. Supernatants from EDTA and HBSS treatments were pooled, centrifuged, resuspended in 44% Percoll (GE Healthcare), and subjected to 70/44/20% Percoll density centrifugation. IEL were harvested at the 70/44% interface, washed twice with complete RPMI and filtered using a 40 µM cell strainer. All IEL samples were then cryopreserved in 90% FCS + 10% DMSO. After thawing, the cells were incubated for 2-4 h in RPMI media + 10% FCS (37 °C) before use of the Miltenyi dead-cell removal kit (Miltenyi Biotec) to remove dead cells and debris from the sample.
Epitope prediction. Epitope prediction was done using NetMHC3.0 epitope prediction software 16 that was downloaded and interfaced with python scripts to evaluate the relative conservation score of each candidate epitope. First, predicted MHC binding scores (score >0.4 predicting weak binding, scores >0.6 predicting strong binding) were evaluated for all possible 8-, 9-, 10-or 11-mer peptides derived from eight different RV3 strain rotavirus proteins (NSP1, 2, 5 and VP1, 2, 3, 6, 7) 17 . Next, a conservation score was calculated based on the "difflib.SequenceMatcher" function in python using accession numbers listed for each protein 17 (scores ranged between ~0.4 for low conservation and 1 for high conservation). A composite score with 1 × weighting on conservation and 2 × weighting on predicted binding was calculated for each peptide. Peptides with the highest composite scores for each protein were synthesized and used for subsequent analysis (10 from NSP1, 11 from NSP2, 6 from NSP5, 31 from VP1, 21 from VP2 and 21 from VP3). For VP6 and VP7, conservation analysis was not used; instead using the RV3 rotavirus strain sequence, all predicted strong binders (binding score >0.6) were synthesized (13 for VP6 and 19 for VP7). In total, 132 peptides were synthesized and tested for MHC binding.
Peptide competition binding assay. Relative peptide binding of peptides was assessed using a competition binding assay. In these assays 0.2 µM biotinylated peptide with sequence SLYNTVATLGGGSGGGK-biotin (based on a known HIV-derived HLA-A*0201-binding peptide) and 10 µg/ml UV-exchangeable nonbiotinylated peptide-MHC (which was cleared with streptavidin-agarose (Sigma/Aldrich) before purification) was mixed with varying amounts of the test peptide (250 nM, 2.5 µM and 25 µM), UV-irradiated to allow peptide exchange, incubated overnight and then loaded on an enzyme-linked immunosorbent assay (ELISA)-plate that was coated with 2 µg/ml anti-HLA-A,B,C (Biolegend) and blocked with 10% FCS. After MHC was bound, the plates were washed and probed with Europium-labeled streptavidin using the PerkinElmer DELFIA ELISA system to detect presence of the biotinylated HIV peptide. Inhibition of biotinylated peptide binding was used to assess the relative binding of the test peptide at each concentration. Peptides with >30% inhibition at 250 nM were used for subsequent tetramer-staining experiments.
Streptavidin expression and heavy metal labeling. Streptavidin with six free cysteines separated by short flexible linkers on each subunit was produced in order to magnify the mass cytometry signal. Six free cysteine residues separated by glycine linkers were introduced to the C terminus of streptavidin (with amino acid sequence: SGGCCGGGCCGGGCCK) for recombinant expression, refolding and purification as described 28 . Using this construct we observed more robust peptide-MHC tetramer staining (higher signal/noise, data not shown) compared to streptavidin with a single free cysteine 7 ; however, we did not attempt to measure the absolute number of metal-loaded polymers conjugated to each streptavidin protein. After purification by size-exclusion chromatography, the streptavidin protein was stored in 10 mM TCEP in 20 mM HEPES (pH 7.2) buffered saline and 50% glycerol before coupling. For heavy metal coupling, 50 µg of streptavidin protein was exchanged into fresh 10 mM TCEP solution in DVS Sciences R buffer using a 30-kDa cutoff concentrator (Millipore) and incubated at 37 °C for 30 min. After this incubation, the streptavidin was exchanged into C and W buffer as recommended for the DVS antibody labeling procedure, using the same 30-kDa cutoff concentrator. Two aliquots of DVS Sciences DN3 polymers (free of heavy metals) were loaded with metals in 'L'-buffer as recommended (some metals not available from DVS including Gd-155, Gd-157, Dy-161, Dy-163 and Yb-173 were obtained from Trace Sciences International, Inc. and dissolved at 100 mM in 'L'-buffer and used in a similar manner as metal solutions obtained from DVS) and washed in additional L buffer after loading using a single 3-kDa cutoff (Pall) concentrator. After washes, the reduced and exchanged streptavidin in ~100 µL of W buffer was added to the 3-kDa cutoff concentrator containing the metal-loaded polymer and centrifuged to <10 µL volume to drive the reaction with high protein and polymer concentrations. Unfortunately, we do observe some variability in the quality of metal-labeled streptavidin produced by this procedure, and we are still investigating this. Thus, each batch was tested with a positive control to ensure sufficient tetramer staining signal for the experiment.
Peptide-MHC tetramer production. To produce the various biotinylated peptide-MHC molecules, HLA-A*0201 was refolded with a UV-cleavable peptide, biotinylated and purified as described 29, 30 . After purification, the protein stock was stored in PBS + 50% glycerol at −20 °C. For each peptide specificity, peptide exchange reactions were setup in 100 µL volumes each containing 10 µM peptide and 100 µg/ml HLA-A2 or protein in PBS. Peptide sequences used in this study are listed in Table 1 and Supplementary Table 2 . After a 20-min exposure to 365 nm UV irradiation using a Stratagene UV Stratalinker 2400, the protein was stored at 4 °C overnight to complete the exchange.
For combinatorial tetramer cocktails, 96-well plates were used to premix metal-labeled streptavidins in the 120 possible combinations listed in Table 1  and Supplementary Table 2 . These mixtures were then added to each well of exchanged peptide-MHC (described above) stepwise in four additions with 5-min incubations at room temperature between each addition to achieve a final ratio of 1:4 (total streptavidin:peptide-MHC) in each well. After the last incubations, 10 µM free biotin in 10 µL of cytometry buffer was added to each tetramer to quench unbound streptavidin before mixing 14 . We then combined all tetramers, and this mixture was concentrated using a 10 kDa cut-off concentrator. This cocktail was then used to stain cells with each peptide-MHC tetramer at a concentration of ~100 nM.
Antibody labeling. Purified antibodies (lacking carrier proteins) were purchased from BD Biosciences, Biolegend, eBioscience, Abcam, Invitrogen or R&D systems, and clone names are listed in Supplementary Table 1. The antibodies were labeled 100 µg at a time according to instructions provided npg by DVS Sciences with heavy metal-loaded maleimide-coupled DN3 MAXPAR chelating polymers using the recommended labeling procedure. For all metal conjugations done in this study, including conjugations to streptavidin, free DN3 MAXPAR polymers were purchased from DVS Sciences and loaded with metal before use.
Staining and data acquisition. Cryopreserved peripheral blood cells were thawed and washed with complete RPMI before overnight recovery at 37 °C. In cases when freshly isolate cells were used, a recovery incubation with complete RPMI at 37 °C was also performed. Our input cell numbers ranged between 16 and 84 million in instances where CD8 + enriched cells were used and between 42 and 120 million (except for one sample where we had 302 million cells) in instances where total T cells were used. However, in several cases these cells were split into two pools to test two different tetramer-coding schemes on the same sample. Similar numbers of cryopreserved IEL (mostly CD8 + ) cells were thawed and rested for 2-4 h before dead cells were removed using the Miltenyi-dead-cell removal kit (Miltenyi Biotec). Cells were then transferred to tubes, washed and resuspended in cytometry buffer (PBS + 0.05% sodium azide + 2 mM EDTA + 2% FCS) for staining as previously described 7 . In brief, the cells were stained with the tetramer cocktail in the presence of 50 nM dasatinib (Sprycel), which may reduce T-cell receptor internalization and improve tetramer staining 31 , before antibody staining. Antibody dilution factors used for staining cocktails were tested and adjusted for each batch of antibody conjugated as described above. After setting aside an aliquot of cells for analysis "pre-enrichment", tetramer enrichment was performed using Miltenyi antiMyc MACS particles. Dead-cell discrimination and DNA-staining was also performed as described 7 . For the dead cell discrimination, cell impermeable, metal-labeled Maleimido-mono-amine-DOTA (Macrocyclics Inc., #B-272) was used as previously reported 6, 7 ; this stain is based on the same principles as the cell-impermeable amine-reactive LIVE/DEAD stain sold by Invitrogen Inc. and cisplatin-based methods for identifying dead cells 32 . Unlike live cells, which are not stained by metal-conjugated DOTA-maleimide, fixed and permeabilized cells, like dead cells, are robustly labeled 33 .
Data analysis.
After built-in cell identifying software creates an FCS file, mass cytometry data was analyzed using FlowJo software (Treestar, Inc.) as described 7 . We gated on live CD8 + T cells using a heavy-metal labeled cellviability marker and a heavy-metal labeled anti-CD8 antibody. These events were exported to a tab-delimited text file using FlowJo v9 and further analyzed using scripts to identify tetramer-stained cells and tabulate their phenotypic profiles (as described below, see supplemental text) written in Matlab. After, transformation of data into Logicle biexponential scaling as described 34 (to allow comparison with FlowJo, which also using the Logicle display method), an automated gating script was used. As illustrated in Figure 2a , several parameters were optimized to allow accurate identification of tetramer stained cells. For each combination of three metals and for each cell, several criteria were used to identify epitope-specific T cells: (i) Each of the relevant three metals must have higher staining level than all seven other metals by a 'safety' factor parameter, which was optimized by trial and error with one training data set.
(ii) The geometrical parameters illustrated in Figure 2b must be met to ensure correlated levels of each metal were measured for the cells. (iii) None of the other seven metals could have a higher than threshold level of staining, with thresholds set based on cells manually gated as negative for all ten tetramers. Once each parameter was set for the training set, the same parameters were used for analysis for all other samples. For subsequent analysis of expression patterns and frequencies of hits as listed in Table 2 , frequencies and average expression levels of all stained markers were compiled in Excel spreadsheets. In some cases, however, due to high background values or bleed-over from highintensity antibody channels (through oxidation of the heavy metal leading to detection of <3% metal-oxygen adducts at 16 atomic mass units greater than the expected molecular weight for the metal), the script was modified to allow high values for one of the ten tetramer channels. Because the antigen-specific cells were redundantly coded by the triple coding scheme, this was tolerable but not ideal for maintaining optimal stringency. Thus, staining panels for subsequent experiments were adjusted. In experiments where two cocktails of alternatively coded tetramers were used (Fig. 2b,c) , the lesser frequency obtained by the combinatorial analysis was used to further reduce false positive hits. Finally, only epitopes with hits in two or more donors were considered for Table 2 . To verify that this gating procedure was working properly and to visualize the relevance of the parameters chosen, 3D plots were exported as pdb files and plotted in PyMol as described 7 (Supplementary Movie).
To back-calculate frequencies of antigen-specific T cells before tetramer enrichment, two samples mass cytometry samples were acquired for each donor, one taken before the tetramer enrichment procedure and one after. An enrichment factor was obtained by dividing the frequency cells specific for one epitope in the enriched sample by the frequency of cells specific for the same epitope in the pre-enriched fraction. This method requires that at least one population of antigen-specific cells be detectable in the pre-enrichment fraction (for example, specific for EBV, CMV). One donor blood sample failed these criteria and was omitted from the analysis. This enrichment factor was then used to back-calculate frequencies for all antigen-specific cells detected in the enriched sample.
To compare phenotypes of tetramer stained cells, to control for variation in antibody and instrument sensitivity between experiments (3-4 blood donors plus one or two IEL donors tested per experiment), we calculated z-scores for each phenotypic marker for each epitope-donor combination by subtracting the average and dividing by the s.d. obtained by aggregating all blood-derived hits (the average of the tetramer negatives for each donor as one point for normalization as well) within each experiment. Thus, for each donor-epitope combination, a vector of z-scores representing each phenotypic marker was created. In cases when markers were missing due to differences in antibody staining panels, zero z-scores were assigned. This did not appear to interfere to any great extent with the analysis. These vectors were used for subsequent PCA to reduce the dimensionality of the average phenotypic profile for each epitope-donor combination (first 2 dimensions plotted account for ~40% of variation within the phenotypic profiles of all hits obtained from all blood samples).
Statistical analysis.
Although the identities of all donor samples were anonymous, all were considered normal so the analysis done here was not blinded in any way. All t-tests used were two-sided. In cases where mean expression values were compared between populations of antigen-specific cells, Dunn's multiple comparisons test was used to evaluate P values using Prism software (Graphpad).
